This paper reports the results of an experimental study of suppression of pool fires in enclosed spaces using water mist. The main objective of the present study is to understand the mechanisms responsible for the suppression of pool fires using water mists. Experiments were conducted in a large compartment with n-heptane pool fires of different heat release rates. The temperature variations in the compartment were measured using K-type thermocouples fixed at two locations. A multi gas analyzer was used to measure gas concentrations. The test results indicate that the water mist suppresses the diffusion flame in an enclosed space mainly through evaporating cooling and oxygen displacement by water vapors, resulting in inefficient combustion. The fire suppression time decreases with a decrease in droplet diameter. It is much easier to suppress a larger fire due to faster rates of evaporation of water droplets and therefore, the total mist requirement decreases with an increase in the fire size. The results of this study can find application in the design of water mist based fire fighting systems for indoor fires. 
INTRODUCTION
Two global legislations in the recent past have caused a paradigm shift in the science and technology of fire fighting and have brought about a renewed interest in water sprays for use in fire fighting. International maritime Organization (IMO) regulations [1] required the retrofit of fire suppression systems on most commercial maritime vehicles. This lead to the development of lightweight, low impact, high efficiency mist systems to replace existing sprinkler systems. On the other hand the Montreal Protocol [2] required the phase out of ozone depleting Halons for fire suppression, which lead to the search for clean 'total flooding' agents that are environmentally benign. Water mist systems are efficient in all these counts and, hence, are considered to be one of the best fire fighting alternatives. They are particularly suitable in the situations where water capacity is limited and collateral damage by water is undesirable (e.g., aircrafts, storage of electric and electronic items, museum, etc.). The primary advantage of water mist over coarse sprays (sprinkler, fire hose) is, increase in the vaporization surface hence increasing the rate at which water is converted to steam. The basic explanation for the action of a mist containing small water droplets on fire was given by Braidech et al. [3] and Rasbash et al. [4] . Mawhinney et al. [5] have pointed out the renewed interest in "water mists'' for fire suppression, beginning in the 1980s and accelerating in the 1990s, brought on by pressures to discontinue the use of Halons and the need to find alternative agents.
"Water mist'' is the generally adopted term for what is considered the desirable form of liquid water for fire suppression, essentially implying much smaller water drops than are generally produced by fire sprinklers. NFPA 750 [6] defines "water mist" as a spray of water in which 99% of the water volume consists of water droplets of diameters smaller than 1000 µm. Significantly reduced drop size is expected to allow water systems to extinguish flames through high cooling and evaporation rates [7] . Small drop size would also allow "mist'' to reach combustion regions not in direct view of the spray devices. Small particles (≤ 10µm) have very low momentum and they exhibit gas like behavior [8] . They can easily diffuse around obstructions without significant loss of mist due to plating and deposition. However, they take longer time to suppress the fire [9] .
The dominant mechanisms responsible for fire suppression using water mist [3, 4] were identified as heat extraction or gas phase cooling, oxygen displacement or dilution and attenuation of radiant heat fluxes . Murrell et al. [10] have shown that the optimum performance in terms of radiation attenuation would be obtained for mists with high flow rate, low droplet diameter and low velocity. Rasbash [11] have reported that the heat transfer capacity of a spray increases with a decrease in the droplet diameter. Nmira et al. [12] have suggested that a specific droplet size (50 µm in their case) gives greatest reduction in the temperature due to better entrainment of water into the fire plume. Grant et al. [13] have reviewed the available technical literature on fire suppression using water sprays and have concluded that the optimum droplet size for suppression of fire is not universal. The optimum droplet size is expected to be governed by the specific mechanism responsible for the suppression of a particular fire. In practice, however, it is not always apparent which mechanism is the most important one. Furthermore, the relative importance of various mechanisms will change as the fire-fighting operation progresses [13] .
The first systematic studies of direct interactions of water sprays with fire in open (large) space were conducted by Rasbash et al. [4] using 0.30-m diameter pan fires of five different liquids with water sprays positioned 1.75 m above the pan. They have suggested that the fire extinctions in their experiments can be divided into two groups. In the first group the flames reduced gradually in size and after extinction it was difficult to reignite the liquid. There was little doubt that the mechanism of extinction in these cases was the gradual reduction in vaporization rate due to cooling of the liquid surface layer by water (as in the case of hydrocarbons) or dilution of the liquid surface layer by water (in the case of alcohol). Another type of extinction was because of the action of the spray on the flames in a manner said not to be obvious [4] . This involved heat transfer between the flame and water droplets, resulting either in cooling of the flames or formation of steam, as well as the entrained air current. Braidech et al. [3] , have reported the extinguishing action to be caused by dilution of combustion air with water vapor resulting from evaporation of water droplets and, in many cases, the concomitant cooling effect of the water droplets. Nakakuki and Takahashi [14] have provided new insight on the contributing effect of air currents entrained in the spray, which they have associated with the dilution of the flammable vapor from the liquid. Other authors (Wolfe and DeSipio [15] and Kim et al. [16] ) have provided extinction data for various diffusion flames. A very good account of the fire dynamics in enclosed spaces has been provided by Drysdale [17] .
Compared to small confined spaces, it is much more difficult to suppress or extinguish fires using misting nozzles in spaces where appreciable oxygen depletion cannot take place, as in large spaces. This paper deals with such fire situations. The objective of the present work was to understand the effect of water mist on Heptane pool fires in a large scale fire test facility having a volume of 40 m 3 . The effect of mist through put rate and the mist droplet diameter on temperature, emissions and extinction limits for fires of different heat release rates were studied to determine the extinction concentration of water mist for pool fires in the enclosed room. Experimental results presented in this paper reveal that 40 µm particles are very effective in suppressing diffusion flames in enclosed spaces. Therefore, a water mist system can be installed for efficient fire suppression in relatively large enclosed places.
EXPERIMENTAL DETAILS
A pool fire is a type of turbulent diffusion flame, which burns above a pool of vaporizing fuel where the fuel vapor has negligible initial momentum. Fire development is generally characterized in terms of Heat Release Rate (HRR) versus time. There are basically two approaches available when determining the design fire for a given scenario. One is based on the knowledge of the amount and type of combustible materials in the compartment of the fire origin. The other is based on the knowledge of the occupancy where very little is known about the details of fire load. We have followed the first approach as we know the amount and type of fuel to be used for the pool fires. HRR for a fire depends mainly on type of fuel, pool diameter and is calculated using the following equations [18] and the values of the constants used for the calculation of HRR for Heptane pool fires are tabulated in Table 1 :
Experiments were performed with n-heptane pool fires to investigate the critical concentration of water mist for suppressing pool fire of different HRR. The fire was created in fire pans made of stainless steel having diameters of 460, 560 and 660 mm, which generated HRR of 300, 500 and 800 kW respectively as estimated using Eq. (1). The pans were filled with water up to 3/4 of the total depth, which equals 130 mm. 750 ml of n-heptane was poured in the pan. The fire pan was placed on a 313 mm high stand, which was placed at a corner of the room at a distance of 150 mm from the adjacent walls. For all the fire tests, a pre burn time of 20 seconds was provided to ensure that the fire reaches the maximum heat release rate as described by Eq. (1) .
The experiments were performed in a large fire test enclosure having dimensions of 3.5 m × 3.6 m × 3.1 m, shown schematically in Fig. 1 , having a door of 1.1 m × 1.94 m. Two exhaust fans of diameter 0.40 m and 0.30 m were installed at a height of 2.5 m from the floor, for the removal of combustion/hot gases after the experiments. This enclosure was constructed using reinforced concrete with fire brick walls on the inner side, to restrict heat transfer from the enclosure during fire tests. This test room was fitted with two toughened glass windows to view the experiments from outside.
Temperature in the enclosed compartment was measured using two K type thermocouples mounted on a stainless steel stand at 1.5 m and 2.5 m height from the floor. The stand was located at a distance of one meter from the pool fire. The locations of the thermocouples are indicated in Fig. 1 . A Multi Gas Analyzer (MGA) model MRU Vario plus® was used for in-situ measurement of CO, CO 2 and O 2 in the test room. The sampling tube of multi gas analyzer was installed at 1.88 m from the floor level. A Fluke® model 2686 data acquisition system having 40 analog input and 8 digital input/output channels was used for recording of temperature and gas concentrations.
Internally mixed, air-assisted, atomizers were used to generate water mist for the suppression of fire. These atomizers were selected in order to have a control over the atomization process by changing the water and compressed air feed conditions [19, 20] . Eight internally mixed atomizers, at equal distances of 61 mm were installed on a circular ring having diameter of 1.63 meter, located at the centre of the room at a height
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Suppression of pool fire in a large enclosure with water mist of 2.8 m from the floor. The circular ring was connected to air and water supply stations as indicated in Fig. 1 . A 50 lt. water vessel was used for the supply of water, which was pressurized by compressed air ( stored in a cylinder at a pressure of 2 bar) to drive the water mist into the test chamber. The atomizing air was supplied from high pressure cylinders connected with the manifold. The air pressure was regulated using pressure regulators for supplying air at desired pressures. Three cylinders of 80 lt (water capacity) pressurized at 150 bars were used for the experiments. The flow and pressure control and measuring devices were installed on the pneumatic line. The maximum water pressure at the inlet of the atomizers was 2 bar. The maximum air pressure at the inlet of the atomizers was 6 bar.
The characteristics of the sprays produced by the atomizers at different operating conditions (water supply pressure and air supply pressure) were measured using laser diffraction technique before installing the atomizers in the fire room. A 10 mm diameter laser beam from 670 nm laser diode was used to illuminate the spray. The laser light was passed through the centre of the spray. The equipment used for the characterization of the presented atomizer was "Spray-Tech" from Malvern® Instruments having an accuracy of ± 3 percent of the full scale and could measure the size distribution of sprays with obscurations up to 95 percent. Measurement rate of the equipment was one measurement every 400 microseconds. The water mists generated by the atomizers were characterized under atmospheric conditions, in the absence of fire. Mists of different size were generated by varying compressed gas feed to the atomizer while maintaining constant water feed to the atomizer, which was 1 lpm/ atomizer. Fire suppression tests were conducted by injecting water mists of different droplet sizes (40 µm, 80 µm and 120 µm SMD at cold flow test conditions) from the atomizers into the fire room when the fires had attained their estimated heating value, i.e., after the pre burn period. The time of ignition for the pool fire was recorded, and, after a preburn of 20 seconds, water mist, at a rate of 1 lpm/atomizer was injected into the chamber. The time of extinction for the fire was recorded. The pre-burn time was subtracted and the resultant time was recorded as extinction time. The fire room was ventilated manually after the flameout so that the time between the flameout and ventilation was not controlled.
RESULTS AND DISCUSSION

Mechanism of fire suppression using water mist
In order to understand the effect of mist on fire dynamics, tests were carried out for pool fires burning in a corner of the fire room. The first set of tests was conducted without the mist and the fires were allowed to burn freely. It was observed that the fire plume reaches its full design height within 20 seconds for all the test cases. Therefore, 20 second pre-burn time was provided for the tests with water mist. The second set of tests were conducted at the same heat release rates, but, water mist at a rate of 1 lpm/atomizer having a corresponding cold spray SMD of 40 µm was introduced into the chamber after the pre-burn time of 20 seconds, from the top of the fire room as mentioned earlier. The temporal variation of temperature (at 1.5 m and 2.5 m from the floor at a distance of 1 m from the fire as shown in Fig. 1 ) ,the concentration of O 2 , CO 2 and CO were measured and the data was plotted in Fig. 2 to Fig. 5 .
Before discussing the data for the effect of mist on the fire, it is important to discuss the dynamics of freely burning fire. The temporal variation of temperature presented in Fig. 2(a) and Fig. 2(b) , corresponding to 800 kW and 300 kW fires respectively, show that without the mist, the temperature at both the measurement locations first increase with time, reaches a maximum and then starts to decrease leading to flame out. However, the concentration of O 2 decreases very gradually during the initial 20 seconds (i.e., during the suggested pre-burn for the second set of tests, case, see Fig. 3 ) followed by a sharp decrease. On the other hand the concentrations of CO 2 and CO first increase and then reach a state where their concentrations are almost constant as seen in Figs. 4 and 5 respectively. Another interesting feature seen in Fig. 2 is that the temperature recorded at 2.5 m from the floor is higher than that recorded at 1.5 m. This can be attributed to the rising of the hot plume and burned products of combustion towards the ceiling of the fire room, creating a high temperature layer closer to the ceiling. The temperature difference between the floor and the ceiling establishes a thermal current from the ceiling towards the floor of the room, manifested by the temperature difference between the two measurement locations. This thermal current establishes a recirculating flow path of air inside the room resulting in an increased entrainment rate of air into the fire, causing the fire to burn more vigorously. Therefore, the fire burning rate in an enclosure is faster compared to a pool fire burning in open as discussed by Drysdale [17] . It should be pointed out that at the time of flame out (after 87 seconds for 800 kW fire and 120 seconds for 300 kW fire) from ignition (as seen in Fig. 2 ), some unburned fuel remained in the fire pan. Therefore, the flame out was not because of fuel scarcity. But, as seen in Fig. 3 , the oxygen concentration in the chamber reduces to 18 -19 percent, starving the fire of oxygen. Hence the flame out in this case is primarily due to scarcity of oxygen. When the water mist was introduced into the compartment after the specified preburn time, it was observed that the fire spread sideways as seen in the pictures of the fire evolution with time presented in Fig. 6 . Looking at the data presented in Figs. 2 and  3 , one can see that it takes a finite time for the water mist to have substantial effect on the fire. For the first few seconds after the introduction of mist, the temperatures at both the locations remain constant as in the case without the mist. However, with the mist,
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Suppression of pool fire in a large enclosure with water mist increase in air, which gets entrained in the fire due to the recirculating motion leads to an increase in the burning rate (making the fire more intense) and a side wise spread of fire as seen in Fig. 6 . But, the rate of decrease of oxygen concentration is higher in the presence of the mist as compared to the one without the mist. Water mist absorbs heat from hot surrounding gases and evaporates quickly. The presence of water vapor in the reaction zone works as a deterrent to the fire by diluting the air and hence reducing the overall concentration of oxygen in the enclosed room. At the same time water mist along with atomizing gas introduces a strong dynamic mixing in the compartment and consequently the temperature difference between the upper and lower layer decreases. The initial temperature increase with water mist is expected since the production of thermal energy is normally associated with the mixing of fuel vapor and oxidizer. This phenomenon is further enhanced by the entrainment of air from the leaner side of the flame; therefore, one would expect to find an increase in temperature and a decrease in oxygen concentration when using water mist. Furthermore, water vapour may produce hydrogen upon reacting with the hydrocarbons at high temperature which can react with oxygen and lead to decrease in the oxygen concentration even after the fire is extinguished as seen in Figs. 3(a) and 3(b) . Looking back at the data presented in Fig. 3(a) , it can be seen that beyond 42 seconds from the ignition, the oxygen concentration in the case with the mist falls below the concentration measured without the mist. This point is defined as the cross over point in this study. Interestingly, beyond this point, temperature measured at both locations (seen in Fig. 2(a) ) start to fall rapidly leading to a flame out after 58 seconds (or 38 seconds after the pre-burn time). This again suggests the scarcity of oxygen to be the primary cause of flame out in enclosed fires as has been discussed in the previous paragraphs. Similar behavior is exhibited by the smaller (300 kW) fire as seen in Fig. 3(b) .
It is probable that there are three effects: (1) diluting effect due to the addition of significant amounts of water vapor causing a reduction in oxygen concentration, (2) exothermic effect associated with the combustion chemistry due to enhanced mixing and hence faster and more energetic combustion leading to rapid consumption of available oxygen and (3) the evaporation and cooling effect due to the presence of water which play the role of a heat sink. The reduction of temperature due to the heat absorption by water is expected to slow down the chemistry and hence slow down the rate of decrease in concentration of oxygen. But, as seen in Fig. 3 , the concentration of oxygen continues to decrease at a faster rate, suggesting that the cooling effect is not the dominant effect. Therefore, the combustion chemistry, dictated by the presence of water vapor and the enhanced rate of entrainment, play the crucial role in the decrease of oxygen concentration leading to flame out.
The effect of chemistry can be further elucidated by the CO and CO 2 concentrations presented in Figs. 4 and 5. The data in Fig. 4(a) shows a marked increase in the concentration of CO 2 for 800 kW fire just after the introduction of the mist, until the crossover point and Fig. 5(a) shows a reduction in the concentration of CO at the introduction of the mist until the crossover point with respect to the values measured for freely burning pool fire without the mist. Gas phase oxidation involves a great number of elementary steps in which highly reactive atoms or radicals such as H * and OH * take part. With regard to the combustion products, the reaction CO + OH * → CO 2 + H * is a significant reaction by which CO is oxidized, in the temperature ranges generally encountered in fires and, indeed, is the main source of CO 2 [21, 22] . Thus carbon monoxide is released if the concentration of OH * radicals is not sufficient to permit the preceding reaction to be complete. In general, there is always competition for the hydroxyl radical between CO and other partially burned products of combustion, which tends to limit the conversion of CO to CO 2 . This is a well documented effect [17, 21, 22] . In addition, the rate of this conversion is also limited by the presence of soot particles which are known to react with hydroxyl radicals [23] . The increase in CO 2 concentration and the decrease in CO concentration before the cross over time suggests that during this period combustion is more efficient, resulting in the conversion of CO to CO 2 following the water gas reaction. Furthermore, the concentration of CO 2 decreases and the concentration of CO increases in general with the introduction of the mist for both the HRR ratings as seen in Figs. 4 and 5 . Therefore, the second effect mentioned in the previous paragraph, i.e., the enhanced rate and efficiency of chemical reaction due to the improved entrainment of air into the fire seems to be the dominant effect in this period and is responsible for the rapid decrease in oxygen concentration as well as the increase in temperature.
Beyond the cross over period, the concentration of CO 2 remains almost constant for the 800 kW fire (see Fig. 4 (a) but the concentration of CO (Fig. 5a ) increases rapidly in comparison to the case without the mist suggesting incomplete combustion. However, for the case of 300 kW fire, the concentrations of CO 2 and CO continue to rise monotonically till the flame out as seen in Figs. 4(b) and 5(b). It can be argued that the combined effect of the flame cooling due to evaporation of water and presence of water vapor diluting the concentration of the oxidizer around the fire results in slowing down the reaction and impeding the conversion of CO to CO 2 . Therefore, final flame out is facilitated by the dilution of air due to water vapor resulting in incomplete combustion due to scarcity of oxygen leading to an increase in the final concentration of CO.
Effect of heat release rate
As has been suggested by Grant et al. [13] , the optimum droplet size for most efficient fire suppression depends on the type of fire and hence, the heat release rate is expected to play a crucial role in fire suppression using water mist. In order to elucidate the effect of heat release rate in fire suppression, experiments were carried out for three different cases (i.e., 300 kW, 500 kW and 800 kW) as discussed earlier. The effect of 40 µm SMD droplets at a rate of 1 lpm/atomizer on the fire dynamics was studied and the results are presented in Figs. 7 -10 . The data in Fig. 7 show that the flame out time decreases with an increase in the heat release rate.
The temporal variation of temperature at 2.5 m from the floor (as discussed earlier), O 2 concentration and CO concentration for 300 kW and 800 kW fires are compared in Figs. 8, 9 and 10. The data in Fig. 8, i .e., the temporal variation in temperature show a much stepper gradient in the increase of temperature and a higher temperature during the pre-burn for the 800 kW fires, which is expected due to the higher heat release rate. Larger heat release rate produces stronger thermal currents inside the enclosure, improving the entrainment of air into the flame and thus, causing faster rises in the temperature as seen in Fig. 8 . The maximum temperature attained at the measurement location for 800 kW fire is also higher, followed by a sharper decrease in temperature before the flame out. However, the temperatures are substantially lower for the 300 kW fire, which is expected to reduce the rate of vaporization of water mist as well as the evaporation of the fuel resulting in a decrease in the concentrations of CO 2 and CO as seen in Figs. 4 and 5. Therefore, in the case of 300 kW fire, the oxygen concentration starts to increase immediately after flame out as the reduction in O 2 concentration due to dilution by water vapor stops. Whereas, the presence of higher temperature for 800 kW fire ensures that the vaporization continues for a while after flame out and the oxygen concentration continues to decrease before it can increase again as seen in Fig. 9 . The concentration of CO after the introduction of water mist is substantially higher in the case of 800 kW fire as can be seen in Fig. 10 , suggesting incomplete combustion in the presence of water vapor as has been discussed earlier. Therefore, the earlier flame out in the case of 800 kW fire, as compared to fires with lower heat release rates, can be attributed to the change in chemistry due to the presence of water vapor leading to inefficient combustion. One may argue that the rate of oxygen consumption in the case of a more intense fire (i.e, fire with higher HRR) will be more than that with lower HRR as the oxygen requirement for a larger fire is more. However, the rate of vapor formation is also expected to be higher for a larger fire that can substantially reduce the efficiency of the combustion process and thus, reduce the rate of oxygen consumption and increase the rate of production of CO (as seen in Fig. 10 ). Therefore, the opposing effect of higher oxygen requirement and slower chemistry at higher HRR seems to balance each other and therefore, the rate of consumption of oxygen is same for both the fires, as can be seen in Fig. 9. 
Effect of droplet size
Since it takes longer to suppress a smaller fire using water mist, the effect of droplet size on the flame out time for a 300 kW fire was studied and the results are plotted in Fig. 11 . The fire suppression experiments were carried out with water mist of three different Sauter mean diameters, i.e, 40, 80, 120 µm. The droplet size in these experiments was varied by changing the supply pressure of the atomizing air, while keeping the same water through-put. Water mist with Sauter mean diameter of 40 µm is observed to be most effective in suppressing the fire. The extinction time increases with an increase in droplet diameter. The mist with larger droplets did not interact with the flame in combustion zone and hence took a longer time to suppress the pool fires due to lower rates of vaporization. 40 µm droplets took minimum extinction time as they were easily entrained into the flame with air, which resulted in slowing the combustion process and hence, reduced the fire extinction time.
Total water mist requirement
In order to estimate the amount of water mist required to suppress a pool fire in a room, the total amount of water mist (with 40 µm SMD droplets) supplied into the chamber to suppress the fire up to the time when the fires were out, were estimated by multiplying the flow rate of water with the flame out time. The total mass of water used to suppress the fire were then divided by the enclosure volume to estimate the total amount of water mist required to suppress fires of different heat release rates. The variation of total water (per unit volume of the enclosure) required to suppress fire at the given flow rate with heat release rate for 40 µm SMD mist is shown in Fig. 11 . As has been discussed earlier, the rate of vaporization is enhanced with an increase in heat release rate, thus, reducing the combustion efficiency and impeding the burning of fire. Therefore, the amount of mist required to suppress a pool fire in an enclosure reduces with an increase in the heat release rate. It should be noted that the large scale of experimentation restricts the number of cases that can be studied. Therefore, the presented study is primarily focused on understanding fire dynamics in the presence of water mist and the suppression of fire using water mist in a large room. It is realized that the parametric study (i.e. effect of HRR, droplet diameter and total mist requirement) is limited in its scope and therefore, any proposed scaling law can be inadequate. However, the present study provides a guideline for further research in this field to come up with an optimum design of the mist generation system for enclosure fires. Furthermore, it should be pointed out that the concentration of species and the temperature variation inside the enclosure is spaceo-temporal phenomenon with strong three dimensional effects. Therefore, the measured values provide a qualitative insight into the physics of the process and should not be expected to give a quantitative measure of the actual processes with the limited measurements that could be performed in such a large scale facility.
CONCLUSIONS
An experimental study was carried out in a 40 m 3 room to understand the mechanisms responsible for the suppression of pool fires using water mists. Water mists were created using a twin-fluid atomizer that can provide various droplet sizes for the same mist through put. The results reported in this paper show that the evaporation of water droplets into vapor, causing dilution of air and the subsequent slow down of the combustion process, leading to inefficient combustion manifested by an increase in the concentration of CO, is the primary mechanism for fire suppression using water mists in enclosed spaces. Larger the fire size, less is the time required to extinguish the fire. This can be attributed to the larger quantity of heat available for evaporation of water mist droplets, leading to attaining the inert environment faster by formation of water vapor and causing dilution of oxygen concentration below that required for sustained combustion reaction. Therefore, the critical mist concentration reduces with an increase in HRR of the fire. Smaller droplets are more effective in the suppression of fire because of their ease of convection to the flame zone combined with faster and easier evaporation.
